suggest a link between the formation of Swi6-dependent silent chromatin and recruitment of cohesin. Swi6 also localizes at the silent mating type loci and telomeres, and Rad21-cohesin also associates with these regions in a Swi6-dependent manner [26, 27] . It is possible, however, that cohesin recruitment is dependent on other unique features of these chromosomal regions such as kinetochore activity or telomere function.
Here, we test if subfragments from the outer repeats of the fission yeast centromere can mediate the formation of silent chromatin at a euchromatic locus residing ‫061ف‬ Kb from a centromere. We demonstrate that a 1.6-Kb fragment of centromeric sequence is sufficient to silence euchromatin, recruit components of heterochromatin, and to form a strong association site for Rad21-cohesin.
Results

A Multicopy Plasmid Bearing Centromeric K Sequence Mediates Silencing FactorDependent Cell Sickness
To determine whether outer repeat DNA from fission yeast centromeres is sufficient to direct heterochromatin formation, we developed a plasmid-based assay. We predicted that if DNA sequences from the repetitive outer repeat domain of the centromere (K) could assemble heterochromatin outwith the centromeric environment, then additional copies of the K repeat may sequester components of heterochromatin and affect cell viability.
Wild-type cells were transformed with a multicopy plasmid, pUR19K, bearing a single 6.4-Kb ClaI fragment "K" sequence from the repetitive outer domain of centromere 3 (otr dgIII/dhIII; [28, 29]). After 4 days, the pUR19K transformant colony size was remarkably small compared to that obtained by transforming cells with the pUR19 vector alone. Thus, additional copies of centromeric K sequences have a deleterious effect on colony outgrowth ( Figure 1A ). Indeed, after 10 days of growth, colonies bearing multicopy K exhibited a "nibbled" appearance, indicative of decreased cell viability within the colony ( Figure 1B) . Cell toxicity could result from sequestration of silencing factors from endogenous heterochromatic loci. Alternatively, heterochromatin formation on pUR19K may silence the transcription of the (clr1, 2, 3, rik1, and swi6) showed alleviation of the multicopy K toxicity effect (data not shown), indicating To map potential K cis-acting elements, plasmids that K sequence-induced toxicity is mediated by combearing subfragments of K were tested in the plating ponents of heterochromatin and that the K sequence may nucleate silent chromatin formation. assay ( Figure 1C ). Several fragments of the K sequence, ϩ cells grew on medium containing FOA, SpeI from the LHS of K), inhibited cell growth when present at high copy. The 1.6-Kb L5 region was the most whereas ade6::ura4 ϩ cells could not, indicating that the L5 element is sufficient to confer silencing to the ectopic toxic and was chosen for further analysis. ura4 ϩ reporter. To determine whether silencing mediated by the L5 The 1.6-Kb L5 Element Induces "Ectopic Silencing" When Integrated element was dependent on factors involved in heterochromatin formation, the ade6::L5-ura4 ϩ reporter was at a Euchromatic Locus We predicted that a bona fide centromeric silencing introduced into swi6, clr4, rik1, and chp1 deletion strains, and their growth was compared ( Figure 2C ). Only element should both silence an adjacent reporter gene at a euchromatic locus and recruit known components wild-type ade6::L5-ura4 ϩ cells grew on FOA, indicating that the level of ura4 ϩ expression was increased in of fission yeast heterochromatin, independent of its genomic location.
swi6⌬, clr4⌬, rik1⌬, and chp1⌬ backgrounds. Quantitative RT-PCR was performed on cDNA generTo determine whether L5 could silence a euchromatic reporter gene, an ectopic silencing assay was develated from these strains to measure ura4 ϩ expression from the ade6::L5-ura4 ϩ ectopic reporter (U) relative to oped (Figure 2A ). The ura4 ϩ reporter was integrated at the ade6 locus on chromosome 3. Expression of the the fully expressed ura4-DS/E minigene at the ura4 locus (L) ( Figure 2D ). Similar assays with the Clr4 chromodomain showed no specific association of GST-Clr4-CD with either peptide ( Figure 5D ). Therefore, unlike the chromodomains of Swi6 and Chp1, the Clr4 chromodomain fails to associate with K9 methylated histone H3 tails in vitro.
L5 Sequence Creates a Cohesin Binding Site
Recently, it was shown that heterochromatin is impor- is independent of kinetochore activity. This suggests that Swi6 recruitment via the ectopic L5 silencer recapitulates the association of Swi6 with endogenous heterochromatic sites. Discussion Deletion of chp1 ϩ causes loss of silencing and MeK9-H3 at both the ectopic site and endogenous centroOur studies demonstrate that short sequences from the outer repeats of centromere 3 (1-1.6 Kb from dg, part meres (Figures 3B and 3C; [21] ). These observations suggested that, in cells lacking Chp1, the association of of the K repeat) efficiently induce heterochromatin formation when integrated at a euchromatic locus. The Swi6 with heterochromatic regions might be disrupted. Swi6 ChIP analyses revealed that Swi6 failed to associminimal 1-Kb (L4) active element is present in multiple copies at all three centromeres [31, 32] . This sequence ate with the ade6::L5-ura4 ϩ reporter in chp1⌬ cells (Figure 5A) . In addition, Swi6 association with two centroconstitutes part of the minimal centromeric K repeat or Clr4 expressed as fusion proteins with glutathione-S-transferase (GST) and purified from E. coli. (A) ChIP was performed with Swi6 antibodies on strains with L5 inserted adjacent to ura4 ϩ at the ade6 locus. The ratio of ura4 ϩ to (E) The L5 element promotes recruitment of Rad21-cohesin. Anti-HA antibodies were used to immunoprecipitate chromatin from cells ura-DS/E control was compared in total (T) versus immunoprecipitated (ip) chromatin. Strains were wild-type, swi6⌬, clr4⌬, rik1⌬, and in which rad21 ϩ was tagged with three copies of the HA epitope at the endogenous locus and which contained the ade6::L5-ura4 chp1⌬. The control is a strain with ura4 ϩ inserted at otr of cen1 (cen::ura4 ϩ ).
reporter in an otherwise wild-type or swi6⌬ background. ura4 ϩ inserted at ade6 without the L5 silencing element is included as a (B) ChIP was performed as in Figure 5A with Swi6 antibodies on wild-type or chp1⌬ strains with ura4 ϩ inserted at otr or imr of cen1 negative control (ade6::ura4 ϩ ). The ratio of ip/T is shown.
activities interact with regions of the L5 fragment used [44] . Lastly, chromosome rearrangements that place blocks of Drosophila heterochromatin interstitially along here [33, 34] . It is possible that these include the CENP-B-like proteins, Abp1 and Cbh1, which have recently a chromosome remain in close proximity on metaphase spreads [45] . been shown to interact with outer repeat chromatin in vivo and to affect silencing [35, 36] .
Here, a situation has been created in fission yeast that mimics interstitial heterochromatic blocks on higher In addition to the centromeric K repeats, there is a K-like region (mat-K) at the mating type locus [37] . A eukaryotic chromosomes and provides a useful tool for the further dissection of silent chromatin without the 3.6-Kb fragment of mat-K confers weak repression to a downstream reporter gene, and some silencing activity influences of neighboring structures, such as the kinetochore or telomeres. In addition to pinpointing a role was induced by a 580-bp subfragment from this region [38] . This 580-bp region shows no significant homology for Chp1 in histone H3 lysine 9 methylation and the subsequent recruitment of Swi6, the ectopic silencing with the L5 element and causes only weak silencing in contrast to the strong silencing mediated by L5. Toassay has confirmed that centromeric heterochromatin, even when divorced from the active centromere and gether these data indicate that there is redundancy in the primary DNA sequences that are capable of forming its kinetochore, recruits Rad21-cohesin. We therefore conclude that the assembly of centromeric heterochrosilent heterochromatin at an ectopic site.
Silencing mediated by the L5 and L4 sequences was matin is alone sufficient to allow the recruitment of Rad21-cohesin and presumably the cohesion of sister found to be dependent on Clr4, and both sequences efficiently recruited Clr4 methyltransferase activity to chromatids. promote local methylation on K9-H3. In addition, we the chromosome arms but before the active centromere
